I  REPORT  OOCUMENTAflON  PAGE 

AD-A251  229 


form  *fiprovoif 
OMt  Mo.  om-omi 


on  •*  t«  AW  Aft  <  kOMT  M 

Minf  ««•>•>  •nwmf  tn*  .aa*<t«n  « 

Mmf  Wi,  Dkracn  10  tWotkotflo*  •« 
•na  10  in*  OMk*  o<  VonofooiM  in 

'tiaonio.  wcinatin  aw  wno  a 
wlownnien  tanSMnMnoMirOfo 
•ORMiitf*  toiwn.  Oattwrow  •« 
1  |yR|0t.  Oiaofot*.  RMwCIWnnoi 

iwonwns  wanmiont.  wiwnwa  Owilina  aoulPc*,. 
rOMfliiitbiaaonotlMnaMOf  •nyoMd  oiMD  W  ma 
■ftinolion  Ooomion,  aa4  Roaom.  wn  a‘*«non 

cnarooaian.a'oWMtiM*.  oc  mwi 

2.  REPORT  DATE 

5/26/92 

3.  REPORT  TVK  AN 

Technical  -  1 

»  OATES  COVERED 

June,  1991  -  31  May.  1992 

IIIWB  Al^i/  9VVIIIWC 


GaAs  Deposition  on  the  (100)  and  (110)  Planes  of  Gold  by 
Electrochemical  Atomic  Layer  Epitaxy  (EC^LE).  A  LEED, 
AES  and  STM  Study _ 


1 


C.  auThor($) 

Ignacio  Villegas  and  John  L.  Stickney 


7.  PERFORMING  ORGANIZATION  NAME(S)  ANO  AOORESS(E$) 
University  of  Georgia 
Department  of  Chemistry 
Athens,  GA  30602-2556 


•.  SPONSORING /MONITORING  AGENCY  NAME(S)  ANO  AOD| 
Office  of  Naval  Research 
Chemistry  Division 
Arlington,  VA  22217-5000 


OTIC 

ELECTE 


11.  SUPPLEMENTARY  NOTES 


5.  FUNDING  NUMIERS 


G-N00014-19-J-1919 


t.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


Technical  Report  #4 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


12s.  DISTRIBUTION /availability  STATEMENT 

Approved  for  public  release  and  sale;  its  distribution 
is  unlimited 


12b.  OfSTRlBUTlON  CODE 


13.  ABSTRACT  (Miximum  200  words) 

Preliminary  studies  on  the  deposition  of  GaAs  by  electrochemical  atomic  layer 
epitaxy  (ECALE)  were  performed.  ECALE  is  based  on  the  alternated  underpotential 
deposition  (UPD)  of  atomic  layers  of  different  elements  to  form  a  compound. 
Oxidative  UPD  of  As  and  reductive  UPD  of  Ga  on  the  low-index  planes  of  gold 
were  studied  using  Auger  electron  spectroscopy  (AES),  low  energy  electron 
diffraction  (LEED),  scanning  tunneling  microscopy  (STM)  and  coulometry.  AES 
and  LEED  were  performed  in  an  ultrahigh  vacuum  (UHV)  surface  analysis  instrument 
interfaced  to  an  electrochemical  cell  in  an  antechamber.  This  instrument 
configuration  allowed  the  electrochemical  treatment  of  the  samples  and  their 
subsequent  analysis  in  UHV  without  the  need  to  transfer  the  samples  through 
air.  STM  was  performed  under  nitrogen  at  atmospheric  pressure.  AES  and  coulometry 
were  used  for  surface  composition  analysis  while  LEED  and  STM  provided  structural 
information.  The  substrate  was  a  gold  single-crystal  electrode  with  three 
oriented  faces,  each  to  a  different  low-index  plane.  Oxidative  UPD  of  arsenic 
was  observed  only  on  the  (100)  and  (110)  faces.  The  resulting  structures  were 
a  Au( 100)(2X2)-As  at  1/4  coverage  and  a  Au(110)c(2X2)-As  at  1/2  coverage. 


14.  SUBJECT  TERMS 

GaAs,  Electrodeposition,  ALE,  Gold  Single  Crystals 

IS.  NUMBER  OF  PAGES 

27 

1«.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

IB.  SECURITY  CLASSIFKATION 

19.  SECURITY  CLASSIFICATION 

20.  LIMITATION  OF  ABSTRACT 

OP  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

Unclassified 

Unclassified 

Unclassified 

UL 

SSN  75C0-O1 -280-5500 


Standard  Form  29B  (Rfv  2  89) 
rrncr«ea  b«  ahu  itd  in  >t 
m  <02 


OFnCE  OF  NAVAL  RESEARCH 
GRANT  or  CONTRACT  N00014-91-J-1919 


RAT  Code  4133036 


Technical  Report  No.  4 


GaAs  Deposition  on  the  (100)  and  (1 10)  Planes  of  Gold 
by  Electrochemical  Atomic  Layer  Epitaxy  (ECALE). 
A  LEED,  AES  and  STM  Study. 


by 

Ignaico  Villegas  and  John  L.  Stickney 

Prepared  for  Publication 
in  the 

Journal  of  Vacuum  Science  and  Technology  A 

Department  of  Chemistry 
University  of  Georgia 
Athens,  Georgia  30602 

May  26.  1992 

Reproduction  in  whole,  or  in  part,  is  permitted  for  any  purpose  of  the  United  States  Government. 

This  document  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


92  6  0.5  013 


92-14886 

iilllllll 


GaAs  Deposition  on  the  (100)  and  (1 10)  Planes  of  Gold 
by  Electrochemical  Atomic  Layer  Epitaxy  (ECALE). 
A  LEED,  AES  and  STM  Study. 


Ignacio  Villegas  and  John  L.  Stickney* 


Department  of  Chemistry 
University  of  Georgia 
Athens,  GA  30602 


To  whom  correspondence  should  be  addressed. 


ABSTRACT 


Preliminary  studies  on  the  deposition  of  GaAs  by  electrochemical  atomic  layer  epitaxy  (EC ALE) 
were  performed.  ECALE  is  based  on  the  alternated  underpotential  deposition  (UPD)  of  atomic  layers 
of  different  elements  to  form  a  compound.  Oxidative  UPD  of  As  and  reductive  UPD  of  Ga  on  the  low- 
index  planes  of  gold  were  studied  using  Auger  electron  spectroscopy  (AES),  low  energy  electron 
diffraction  (LEED),  scanning  tunneling  microscopy  (STM)  and  coulometry.  AES  and  LEED  were 
performed  in  an  ultrahigh  vacuum  (UHV)  surface  analysis  instrument  interfaced  to  an  electrochemical 
cell  in  an  antechamber.  This  instrument  configuration  allowed  the  electrochemical  treatment  of  the 
samples  and  their  subsequent  analysis  in  UHV  without  the  need  to  transfer  the  samples  through  air.  STM 
was  performed  under  nitrogen  at  atmospheric  pressure.  AES  and  coulometry  were  used  for  surface 
composition  analysis  while  LEED  and  STM  provided  structural  information.  The  substrate  was  a  gold 
single-crystal  electrode  with  three  oriented  faces,  each  to  a  different  low-index  plane.  Oxidative  UPD 
of  arsenic  was  observed  only  on  the  (100)  and  (110)  faces.  The  resulting  structures  were  a 
Au(100)(2  x2)-As  at  1/4  coverage  and  a  Au(l  10)c(2  x2)-As  at  1/2  coverage.  Reductive  UPD  of  Ga  was 
observed  on  all  three  faces,  although  it  resulted  in  disordered  layers  of  Ga  oxide  upon  removal  of  the 
substrate  from  solution,  due  to  partial  oxidation  of  the  Ga  in  contact  with  water  in  the  absence  of  potential 
control.  Stoichiometric  coverages  of  Ga  and  As  were  obtained  on  the  (100)  and  (1 10)  surfaces  when  Ga 
was  underpotentially  deposited  on  the  As  covered  surfaces  (Au(100)(2x2)-As  at  1/4  coverage  and 
Au(l  10)c(2x2)-As  at  1/2  coverage).  Structures  displaying  (2X2)  and  c(2X2)  LEED  patterns  were 


observed  on  the  (100)  and  (1 10)  faces,  respectively. 


2 


Aooessloo  Por 

Otic  tab 

lloaanounoed 

Ju3tiricatlon_ 


By. _ 

bistrlbuttnn^ 

Availability  CoA*. 
Avail  and/or 
'1st  Spoaial 

I 


INTRODUCTION 


The  preparation  of  compound  semiconductors,  II-V1  and  III-V  materials  in  particular,  by 
electrochemical  deposition  has  been  the  object  of  a  number  of  studies  during  the  last  twenty  years.  The 
development  of  new,  low  temperature  methods  of  deposition  is  an  important  area  of  research. 
Electrochemical  dqx)sition  represents  an  alternate  methodology  to  prepare  compound  semiconductors  at 
room  temperature,  which  could  avoid  interdiffiision  problems  associated  with  the  high  temperatures 
required  in  current  deposition  techniques  [1]. 

Research  in  our  laboratory  is  directed  towards  the  development  of  a  m^od  to  epitaxially 
electrodeposit  compound  semiconductors  from  aqueous  solutions:  electrochemical  atomic  layer  epitaxy 
(EC ALE)  [2].  Previous  attempts  to  electrodeposit  compound  semiconductors  have  resulted  in 
polycrystalline  deposits.  An  important  example  of  previous  deposition  methodology  was  developed  by 
Kroger  et  al.  fSJ.  That  method  consists  of  the  simultaneous  codeposition  of  both  component  elements 
from  oxidized  species  in  a  single  solution.  The  deposition  potential  is  chosen  in  order  to  optimize  the 
stoichiometry  of  the  deposits.  Generally,  the  deposition  potential  is  such  that  one  of  the  elements  is 
deposited  at  a  rate  controlled  by  mass  transfer  towards  the  electrode  surface.  The  other  element,  present 
in  excess,  reacts  with  the  previously  disked  element  to  form  the  compound.  The  EC  ALE  methodology 
is  intended  to  address  problems  associated  with  nucleation  and  growth.  EC  ALE  is  based  on  the  alternated 
electrodeposition  of  atomic  layers  of  the  component  elements  from  two  different  solutions. 
Underpotential  deposition  (UPD)  is  a  surface-limited  process  where  an  atomic  layer  of  one  element  is 
dq>osited  on  a  substrate  surface  composed  of  a  different  element  at  a  potential  prior  to  that  required  for 
bulk  deposition  of  the  first  element  [4,5].  EC  ALE  takes  advantage  of  this  surface-limited  process  to 
alternately  deposit  atomic  layers  of  the  desired  elements,  thus  eliminating  three-dimensional  nucleation. 
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Previous  studies  in  our  laboratory  have  concentrated  on  the  ECALE  deposition  of  CdTe  [2,6,7]. 
Preliminary  studies  involved  the  UPD  of  Cd  and  Te  on  different  polycrystalline  substrates  (Au,  Pt  and 
Cu)  using  thin-layer  electrochemical  cells  [7].  Au  was  selected  as  the  most  applicable  substrate  for 
subsequent  studies  of  ECALE  deposition  due  to  its  extended  double-layer  window  which  allows  the  study 
of  UPD  with  minimum  interference  from  substrate  oxidation  and  hydrogen  evolution  processes.  A 
fortuitous  lattice  mismatch  of  only  3.5  %  exists  between  GaAs  and  twice  the  Au  lattice  constant.  UPD 
of  Cd  and  Te  on  the  three  low-index  planes  of  gold  was  studied  using  AES  and  LEED  [6,8].  The  studies 
described  in  this  manuscript  are  the  continuation  of  a  previous  study  on  the  ECALE  deposition  of  GaAs 
on  the  three  low-index  planes  of  gold  [9]. 

GaAs  has  been  successfully  electrodeposited  from  aqueous  solutions  [10,11]  and  from  molten  salt 
electrolytes  [12,13].  The  formation  of  GaAs  was  confirmed  by  X-ray  and  electron  diflfaction 
measurements,  although  the  deposits  obtained  were  polycrystalline  in  each  case.  The  thermodynamic 
stability  of  GaAs  in  aqueous  solutions  has  been  addressed  in  a  number  of  studies.  The  stability  of 
materials  in  aqueous  solutions  are  usually  evaluated  through  potential  versus  pH  plots  (Pourbaix 
diagrams).  In  earlier  studies,  the  stability  of  GaAs  in  aqueous  solutions  was  questioned  [10,14].  More 
accurate  diagrams  have  been  calculated  [IS]  and  a  region  of  thermodynamic  stability  between  pH  1.3  and 
pH  13.3  was  determined.  Our  own  studies,  including  calculations  which  take  into  consideration  a 
number  of  concentrations  of  the  different  species  in  solution  in  contact  with  the  GaAs,  indicate  the 
possibility  of  obtaining  stable  GaAs  deposits  in  aqueous  solutions  as  long  as  potential  control  is 
maintained. 

The  electrochemistry  of  As  has  been  extensively  studied  and  reported  in  the  literature  [16,17]. 
A  mechanism  has  been  proposed  for  the  deposition  of  As  on  gold,  involving  three  successive  one  electron 
transfers  and  passivation  due  to  the  formation  of  an  amorphous  layer  of  As  [17].  The  electrochemistry 
of  Ga  has  been  studied  as  well  [18]. 
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Preliminary  studies  of  the  ECALE  deposition  of  GaAs  were  performed  using  a  Ain-layer 
electrochemical  cell  (TLE)  wiA  a  polycrystalline  gold  electrode  [9].  Potentials  for  Ga  and  As  UPD  on 
gold  were  evaluated.  It  was  determined  Aat  Ga  UPD  occurs  SO  mV  prior  to  Ae  hydrogen  evolution 
reaction  during  Ae  negative  scan.  Bulk  Ga  is  deposited  at  potentials  more  negative  Aan  Ae  potential  for 
hydrogen  evolution.  Arsenic  was  shown  to  be  reductively  deposited  from  a  HAsO,  (pH  4)  solution 
between  -0.3  and  -l.S  V  m  a  Aree  electron  transfer  according  to  Ae  reaction 

HAsOj  +  3H"  3e-  ••  As  +  2HjO  (1). 

The  onset  potential  for  deposition  dq)ends  on  Ae  pH  of  Ae  solution,  shifting  towards  more  negative 
potentials  as  Ae  pH  increases.  It  was  also  found  Aat  As  coverage  reaches  a  maximum  independent  of 
Ae  pH  of  Ae  solution  [9,16,17,19-23].  The  potential  at  which  Ae  maximum  coverage  is  reached  also 
shifts  towards  more  negative  potentials  as  Ae  pH  of  Ae  solution  increases.  The  decrease  m  As  coverage 
at  very  negative  potentials  is  due  to  Ae  reaction 

As  +  3H*  +  3e'  *•  AsH,  (2). 

Formation  of  arsine  from  As  reduction  in  aqueous  solutions  has  been  reported  in  Ae  literature  [24].  The 
minimum  As  coverage  at  negative  potentials  is  about  0.4  As  atoms  per  surface  Au  atom  and  is 
independent  of  pH  for  solution  pHs  higher  Aan  3.  For  pHs  lower  Aan  3,  arsine  formation  is  mhibited 
by  depolarization  of  Ae  electrode  potential  due  to  extensive  hydrogen  evolution.  This  results  m  Ae 
higher  As  coverage  at  potentials  below  -1 .0  V,  as  Ae  electrode  never  really  attains  Aose  highly  n^ative 
potentials.  There  are  two  ways  of  lookmg  at  Aese  results.  Deposited  arsenic  is  reduced  to  arsine  at  very 
negative  potentials  according  to  reaction  2,  leaving  behind  an  atomic  layer  of  As.  stabilized  by  bonding 
wiA  Au  surface  atoms.  Alternatively,  HAsQ.  can  be  considered  to  convert  quantitatively  to  arsine 
according  to  Ae  reaction 

HAsOi  +  6H*  -I-  6e'  ••  AsHj  -I-  2H;0  (3) 

and  an  atomic  layer  of  As  is  deposited  by  oxidative  UPD  from  arsine. 
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EXPERIMENTAL 


A  combination  of  ultrahigh  vacuum  (UHV)  and  ambient  pressure  surface  characterization 
techniques  were  used  in  these  studies.  The  UHV  surface  analysis  instrument  included  a  hemispherical 
electron  analyzer  and  electron  gun  for  Auger  electron  spectroscopy  (AES)  and  a  set  of  low  energy 
electron  diffraction  (LEED)  optics.  Electrochemical  experiments  were  performed  in  an  UHV 
antechamber  interfaced  to  the  main  analysis  chamber.  This  configuration  enables  the  electrochemical 
treatment  of  the  samples  in  an  argon  atmosphere  at  ambient  pressure  and  their  subsequent  analysis  in 
UHV  without  the  need  to  transport  the  samples  through  air.  This  instrument  has  been  described  in  detail 
in  previous  publications  (9,25].  Surface  characterization  in  UHV  included  AES  and  LEED,  which 
provided  information  about  the  elemental  and  structural  composition  of  the  surfaces,  respectively.  AES 
parameters  were  as  follows:  1  mm^  beam  size.  10  //A  beam  current  at  3000  V,  5  minute  1(X)  -  600  eV 
and  3  min  1000  -  13(X)  eV  scans. 

The  gold  substrate  was  a  single  crystal  which  had  been  oriented,  using  Laud  X-ray  diffraction, 
cut  and  mechanically  polished  to  expose  the  three  low-index  planes  on  three  different  faces.  Electrical 
connection  was  made  through  a  gold  wire,  avoiding  the  use  of  other  materials  which  could  interfere  in 
the  electrochemistry.  Surface  preparation  prior  to  electrochemical  experiments  consisted  of  ion 
bombardment  widi  300  V  Ar*  ions  for  one  hour  and  subsequent  annealing  at  650  °C.  The  cleanliness 
and  order  of  the  surfaces  was  monitored  using  AES  and  LEED. 

A  NanoScope  II  (Digital  Instruments)  was  used  in  scanning  tunneling  microscopy  (STM) 
experiments.  Electrochemistry  and  subsequent  STM  characterization  were  performed  inside  a  glove  box 
in  a  nitrogen  atmosphere  at  ambient  pressure.  STM  tips  were  prepared  by  electrochemically  etching  a 
tungsten  wire  in  I.O  M  NaOH.  The  substrate  used  for  STM  experiments  was  a  gold  single  crystal, 
oriented,  cut  and  polished  to  expose  the  (1(X))  plane  on  all  six  sides  of  a  rectangular  box. 
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All  solutions  used  in  diese  studies  were  prepared  with  research  grade  chemicals  and  pyrolytkally 
triply-distilled  water  i26].  Potentials  are  reported  versus  a  Ag/AgCl,  1.0  M  NaCl  reference  electrode. 


RESULTS  AND  DISCUSSION 


No  signals  other  than  those  assignable  to  Au  were  observed  in  the  Auger  spectra  of  the  three  ion 
bombarded  and  annealed  surfaces  of  the  gold  tri-crystal  (Figure  la).  Reconstructions  were  evident  in  the 
LEED  patterns  for  the  three  surfaces  [27].  The  voitammogram  obtained  with  the  clean  Au  tri-crystal  in 
1.0  mM  HAsOj/i  O  mM  H2SO4  (pH  3.2)  is  shown  in  Figure  2a.  This  voitammogram  is  analogous  to 
those  rqx>rted  in  the  literature  [9,17].  Oxidative  UPD  of  As  on  the  low-index  planes  of  gold  was 
evaluated  as  follows.  The  tri-crystal  was  immersed  in  a  1.0  mM  HAsO^/l.O  mM  H;S04  (pH  3.2) 
solution  at  a  series  of  potentials  between  -I.O  V  and  -1.6  V  for  30  seconds.  The  electrode  was 
subsequently  emersed  (removed)  from  the  HASO2  solution  and  rinsed  three  times  with  10.0  mM  H^SO* 
(pH  1 .9)  at  controlled  potential,  with  the  final  rinse  held  for  one  minute.  Characterization  of  the  surfaces 
was  performed  by  AES  and  LEED.  Similar  procedures  were  employed  using  a  10.0  mM  CS2SO4 
solution,  containing  a  1.0  mM  acetate  buffer  (pH  4.7)  instead  of  the  10.0  mM  H2SO4.  Emersion  from 
this  solution  resulted  in  some  excess  CS3SO4  crystallizing  on  the  surface,  which  interfered  with  die  As 
quantitation.  For  this  reason,  a  final  rinse  with  dilute  H2SO4  was  added  after  emersion  from  CS2SO4. 
In  each  case  the  initial  d^sition  potential  was  maintained  for  all  stages  where  the  electrode  was  in 
solution.  The  total  As  coverage  at  each  potential  was  determined  by  subsequent  stripping  in  10.0  mM 
H2SO4,  after  the  surface  characterization  had  been  completed.  Coulometric  measurements  determine  the 
total  amount  of  As  disked  on  all  three  faces.  Total  As  coverages  as  a  function  of  the  dqxisition 
potential  and  the  pH  of  die  initial  reduction  solution  are  presemed  in  Figure  3.  The  coverage  of  As 
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plateaus  at  0.4  for  potentials  between  -1.2  V  and  -1.5  V  in  the  pH  4.7  solution.  Arsine  formation  is 
inhibited  by  depolarization  of  the  electrode,  due  to  hydrogen  evolution  in  the  pH  1 .9  solution,  resulting 
in  higher  As  coverages  at  very  negative  potentials.  These  results  are  analogous  to  those  obtained  in 
studies  of  oxidative  As  UPD  using  TLEs  with  polycrystalline  Au  electrodes  [9].  Transitions  assignable 
to  Au  and  As  were  the  only  observable  features  in  the  Auger  spectra  obtained  for  the  (100)  and  (1 10) 
surfaces  at  deposition  potentials  in  the  plateau  region  (pH  4.7  solution).  A  r^resentative  spectrum  is 
shown  in  Figure  lb.  Auger  spectra  for  the  (1 1 1)  surface  displayed  only  Au  transitions,  no  detectable  As 
signal.  For  potentials  in  the  plateau  region,  (2X2)  (Figure  4a)  and  c(2X2)  (Figure  Sa)  LEED  patterns 
were  obtained  for  the  (100)  and  (1 10)  surfaces,  respectively.  Proposed  low-coverage  structures  are 
shown  in  Figures  4b  and  5b;  a  Au(100)(2X2)-As  at  1/4  coverage  and  a  Au(l  10)c(2X2)-As  at  1/2 
coverage.  Higher  As  coverages  resulted  only  in  diffuse  LEED  patterns  for  the  three  low-index  planes. 

An  atomic  layer  of  As  was  deposited  on  a  six-sided  Au(lOO)  crystal  (described  in  the  experimental 
section)  by  oxidative  UPD  at  -1.3  V  at  pH  4  according  to  the  procedure  described  above.  The  crystal 
was  positioned  in  the  microscope  such  that  rows  of  atoms  in  the  (1(X))  lanice,  the  [110]  direction,  would 
appear  at  45°  ±5°  angles  with  respect  to  the  horizontal  of  the  instrument’s  screen.  Figure  6  is  a  picture 
of  the  instrument’s  screen  showing  a  Au(100)(2x2)-As  structure.  The  As- As  distance  corresponds, 
within  experimental  error,  to  twice  the  Au-Au  distance  in  the  (100)  lattice.  A  45°  angle  (±  S°)  with 
respect  to  the  horizontal  of  the  screen  is  also  consistent  with  a  (2X2)  structure.  A  similar  structure  has 
been  observed  for  a  Au(100)(2x2)-Te  structure  at  1/4  coverage,  reported  in  this  same  issue  [28]. 

Figure  2d  shows  a  voltammogram  obtained  with  the  Au  tri-crystal  in  a  O.S  mM  Ga:(S04)j  (pH 
2.7)  solution.  In  previous  studies,  it  had  been  determined  that  the  peak  at  -O.S  V  corresponds  to  the 
reductive  UPD  of  Ga,  while  bulk  d^sition  was  obscured  by  hydrogen  evolution.  The  peaks  observed 
during  the  subsequent  positive  scan  correspond  to  bulk  Ga  stripping  at  -0.6  V  and  Ga  UPD  stripping  at  - 
0.4  V.  Similar  Auger  spectra  were  obuined  for  the  three  low-index  planes  emersed  from  solution  just 
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before  the  Ga  UPD  stripping  peak  during  the  positive  scan.  Transitions  corresponding  to  Au,  Ga  and 
O  were  evident  in  the  spectra  (Figure  Ic).  Completely  diffuse  LEED  patterns  were  observed  for  eadi 
of  the  three  faces.  The  presence  of  oxygen  on  the  surfaces  is  attributed  to  partial  oxidation  of  the 
deposited  Ga  after  emersion  and  loss  of  potential  control.  This  is  understandable  as  the  electrode 
remained  in  contact  with  a  thin-layer  of  solution  upon  emersion  (the  emersion  layer).  Partial  oxidation 
of  the  Ga  in  contact  with  an  aqueous  solution,  without  potential  control,  is  consistent  with  the 
thermodynamic  stability  of  Ga(0)  in  the  presence  of  HjO  [29].  Integration  of  the  UPD  Ga  stripping  peak 
resulted  in  an  overall  Ga  coverage  of  0.2  -  0.3,  as  long  as  the  electrode  was  not  emersed  prior  to 
stripping. 

In  order  to  investigate  the  ECALE  deposition  of  GaAs,  the  alternated  deposition  of  Ga  and  As 
was  also  investigated.  Arsenic  was  first  deposited  from  a  1.0  mM  HAsCVl.O  mM  H2SO«  (pH  3.2) 
solution  and  subsequently  reduced  in  a  buffered  10.0  mM  Cs-SO*  (pH  4.7)  solution  at  -1 .25  V,  according 
to  the  procedure  described  previously.  The  next  step  consisted  of  a  series  of  experiments  in  which  the 
As-covered  surfaces  were  immersed  in  a  0.5  mM  Ga;(SO«),  (pH  2.7)  solution  at  various  potentials 
between  -0.96  and  -0.40  V.  For  Ga  deposition  potentials  between  -0.71  and  -0.56  V,  stoichiometric 
amounts  of  Ga,  relative  to  the  previously  deposited  As,  were  deposited  on  the  (100)  and  (1 10)  surfaces, 
as  shown  by  AES  (Figure  Id).  Bulk  Ga  deposition  occurred  at  potentials  more  negative  than  -0.71  V, 
while  no  Ga  was  deposited  at  potentials  more  positive  than  -0.56  V.  Auger  transitions  for  Au,  Ga,  As 
and  O  are  evident  in  Figure  Id.  The  presence  of  oxygen  on  the  surface  is  probably  due  to  partial 
oxidation  of  the  GaAs  upon  emersion  of  the  electrode  from  solution.  GaAs  in  contact  with  water  at  open 
circuit  can  oxidize  to  form  GajO}  and  As  [9]. 

Stoichiometric  coverages  of  Ga  and  As  resulted  in  (2X2)  (Figure  7a)  and  c(2X2)  (Figure  8a) 
LEED  patterns  on  the  Au(lOO)  and  Au(llO)  surfaces,  respectively.  Panial  oxidation  of  the  Ga,  as 
indicated  by  AES,  accounts  for  the  extra  diffiiseness  observed  in  the  LEED  patterns  displayed  in  Figures 
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7a  and  8a  when  compared  with  the  LEED  patterns  obtained  for  the  As-covered  surfaces  (Figures  4a  and 
Sa).  Partial  oxidation  of  Ga  deposited  on  arsenic-free  Au  surfaces  resulted  in  completely  diffuse  LEED 
patterns.  Enhanced  stability  due  to  compound  formation  when  Ga  is  deposited  on  As-covered  Au  surfaces 
is  probably  responsible  for  the  increased  order  observed  in  Figures  7a  and  8a  compared  to  the  studies 
made  sans  As.  Proposed  structures  corresponding  to  monolayers  of  GaAs  on  the  Au(l(X))  and  the 
Au(l  10)  surfaces  are  shown  in  Figures  7b  and  8b.  These  structures  were  drawn  using  the  atomic  radii 
of  Ga  and  As  [30].  The  proposed  Au(100)(2X2)-GaAs  structure  involves  stoichiometric  coverages  of  Ga 
and  As,  and  the  formation  of  As  dimers  on  the  surface.  Dimerization  has  been  reported  in  the  literature, 
supported  by  LEED  and  STM  results  [31-351.  Stoichiometric  coverages  of  Ga  and  As  on  the  Au(lOO) 
surfaces  without  dimerization  of  As  would  probably  result  in  a  c(2X2)  LEED  pattern,  but  no  signs  of  this 
pattern  were  observed  in  our  studies.  The  proposed  Au(l  10)c(2X2)-GaAs  structure,  shown  in  Figure  8b, 
also  requires  stoichiometric  coverages  of  Ga  and  As.  No  dimers  are  proposed  in  this  case.  STM  results 
on  GaAs(l  10)  also  indicate  no  dimer  formation  [36-38).  The  (1 10)  surface  is  more  open,  permitting  both 
Ga  and  As  bonding  to  Au  surface  atoms.  The  proposed  structures  resemble  truncation  of  a  GaAs  cr>’staJ 
through  the  (100)  and  (110)  planes,  respectively,  due  to  the  decent  match  between  the  GaAs  lattice 
constant  (5.65  A)  and  twice  the  Au  lattice  constant  (5.84  A).  Problems  with  the  lattice  match  and  the 
critical  thickness  will  occur  as  the  film  thickness  is  increased,  as  is  the  topic  of  further  studies. 

Potential  versus  pH  plots  have  been  calculated  in  order  to  evaluate  the  stability  of  GaAs  under 
the  conditions  to  be  used  for  EC  ALE  [9].  According  to  those  plots,  a  spontaneous  reaction  may  occur 
between  in  solution  and  GaAs  at  open  circuit.  Our  calculations  showed  that  GaAs  can  exist  in 
aqueous  solutions  as  long  as  the  potential  is  kept  within  the  region  of  stability.  For  that  reason, 
successful  formation  of  thicker  films  of  GaAs  by  the  ECALE  method  will  be  achieved  only  if  potential 
control  is  maintained  at  all  times.  The  experimental  procedure  described  above  involves  emersion  of  the 
substrate  and  loss  of  potential  control  after  each  deposition  and  rinsing  step,  resulting  in  partial  oxidation 
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of  Ga  after  it  has  been  deposited.  Partial  oxidation  of  the  Ga  upon  emersion  of  the  substrate  accounts 
for  the  oxygen  present  in  the  Auger  spectra  of  the  GaAs-covered  surfaces.  A  thin-layer  flow  cell  is  being 
developed  in  our  laboratory,  which  will  enable  the  exchange  of  solutions  for  successive  UPD  of  atomic 
layers  of  Ga  and  As  without  emersion  and  loss  of  potential  control. 

In  conclusion,  oxidative  UPD  of  As  resulted  in  ordered  layers  on  the  (100)  and  (110)  surfaces 
of  Au.  A  Au(100)(2X2)-As  at  1/4  coverage  (Figures  4b  and  6)  and  a  Au(l  10)c(2X2)-As  at  1/2  coverage 
(Figure  5b)  are  proposed.  Reductive  UPD  of  Ga  was  achieved  on  the  three  low-index  planes  of  Au,  but 
resulted  a  layer  of  disordered  Ga  oxide  on  the  three  low-index  planes  of  gold  after  emersion.  Successive 
UPD  of  atomic  layers  of  As  and  Ga  resulted  in  ordered  structures  on  the  Au(lOO)  and  Au(l  10)  surfaces; 
a  Au(100)(2X2)-GaAs  (Figure  7b)  and  a  Au(l  10)c(2X2)-GaAs  (Figure  8b).  Proposed  structures  consist 
of  stoichiometric  coverages  of  Ga  and  As,  and  As  dimers  are  proposed  to  explain  the  (2X2)  LEED 
panern  observed  on  the  (1(X))  surface  [31-35]. 
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Figure  2. 

Figure  3. 
Figure  4. 

Figure  S. 

Figure  6. 
Figure  7, 


Figure  8. 


Auger  spectra: 

a)  Ion  bombarded  and  annealed  Au(lOO). 

b)  As  oxidative  UPD  on  Au(IOO). 

c)  Ga  reductive  UPD  on  Au(lOO). 

d)  Stoichiometric  coverage  of  Ga  and  As  on  Au(lOO). 

Cyclic  voltammograms  of  the  Au  tri-crystal: 

a)  clean  in  1.0  mM  HAsOj,  1.0  mM  H2SO4  (pH  =  3.2)  (scan  rate  =  5  mV/sec). 

b)  clean  in  0.5  mM  Ga2(S04)]  (pH  »  2.7)  (scan  rate  =  5  mV/sec). 

Total  As  coverage  versus  deposition  potential  and  pH  on  the  Au  tri-crystal. 

(a)  Picture  of  the  (2X2)  LEED  pattern  obtained  at  1/4  As  coverage  on  Au(lOO)  (beam 
energy  =  38eV). 

(b)  proposed  structure  for  As  UPD  (1/4  coverage)  on  Au(lOO). 

(a)  Picture  of  the  c(2X2)  LEED  pattern  obtained  at  1/2  As  coverage  on  Au(l  10)  (beam 
energy  =  39  eV). 

(b)  proposed  structure  for  As  UPD  (1/2  coverage)  on  Au(l  10). 

STM  image  of  the  Au(100)(2x2)-As  structure. 

(a)  Picture  of  the  (2X2)  LEED  pattern  obtained  at  stoichiometric  coverages  of  Ga  and  As 
on  Au(lOO)  (beam  energy  =  37  eV). 

(b)  proposed  structure  for  stoichiometric  coverages  of  Ga  and  As  on  Au(IOO).  (As:  dark 
gray,  Ga:  light  gray,  Au:  white) 

(a)  Picture  of  the  c(2X2)  LEED  pattern  obtained  for  stoichiometric  coverages  of  Ga  and 
As  on  Au(llO)  (beam  energy  =  37  eV). 

(b)  proposed  structure  for  stoichiometric  coverages  of  Ga  and  As  on  Au(l  10).  (As:  dark 
gray,  Ga:  light  gray,  Au:  white) 


14 


Figure  1. 


I.  Villegas  and  J. 
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As  COVERAGE  (ARB  UNITS) 


Figure  3. 


I.  Villegas 


Figure  4a. 


I.  Villegas  and  J.L.  Stickney.  GaAs  Deposition  ... 
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I.  Villegas  and  J.L.  Stickney.  GaAs  Deposition ... 


Figure  5a.  I.  Villegas  and  J.L.  Stickney.  GaAs  Deposition  ... 
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I.  Villegas  and  J.L.  Stickney.  GaAs  Deposition 


Figure  5b 
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Figure  6.  I,  Villegas  and  J.L.  Stickney.  GaAs  Deposition  ... 
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Figuri  "b.  1.  Villegas  and  J.L.  Stukney.  GaAs  Deposition  ... 
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Figure  8b.  I.  Villegas  and  J.L.  Stickney.  GaAs  Deposiiion  ... 
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